The Serra do Espinhaço in Brazil is under continuous and increasing levels of human disturbance. It has a large number of endemic plant species such as Chamaecrista semaphora (Irwin and Barneby), an endangered species with extremely narrow range. We studied the genetic diversity of C. semaphora and compared it with Chamaecrista mucronata (Spreng.) Irwin and Barneby, a widespread congeneric species distributed over the entire Serra do Espinhaço, in an attempt to provide information for conservation strategies. Two populations of C. mucronata and the only two known populations of C. semaphora from Serra do Cipó were screened for variability using random amplified polymorphic DNA (RAPD) markers. Populations of C. semaphora exhibited a lower percentage of polymorphic markers (16.9%) and Shannon's Diversity Index (H'pop = 0.124) than C. mucronata populations (43.3% and H'pop = 0.299). Most of the genetic variability of both species studied was distributed within populations; C. semaphora populations (ÈST = 0.198) were less divergent than C. mucronata populations (ÈST = 0.378). The risk of extinction for C. semaphora is large owing to its low level of genetic diversity compared with its widespread congener and because of increasing habitat destruction. Both populations of C. semaphora urgently need protection to maximize the genetic diversity of this species and diminish further substantial loss within the populations.
Introduction
As habitat destruction and species extinctions increase, studies on the conservation genetics of endangered species have increased in importance and become essential to species survival, conservation, and management. The primary goal of conservation genetics is to estimate the level and distribution of genetic variation within and between populations, as a decrease in genetic variation may represent reduced ability to cope with environmental changes and demographic fluctuations (Tansley and Brown 2000) , resulting in an increased risk of extinction (Frankham et al. 2002) . The challenge facing conservation biologists is to understand the relationship involving genetic diversity, its distribution among populations, and species reproductive biology, in an attempt to establish solid and long-lasting conservation decisions.
Many biological factors can influence both the genetic diversity of a species and its distribution among populations. The geographic range of a species has been considered one of the most important factors influencing genetic diversity and its distribution (Hamrick and Godt 1989) . It has generally been accepted that species with a greater distribution exhibit greater genetic diversity than species with a limited distribution. Mateu-Andrés (2004) , however, argued that this is an overgeneralization, and claimed that there are many examples of rare plants with low (e.g., Gemmill et al. 1998; Godt and Hamrick 1998; Segarra-Moragues and Catalán 2002; Mateu-Andrés 2004) or high (e.g., Ranker 1994; Lewis and Crawford 1995; Young and Brown 1996) levels of genetic variation. Therefore, a positive correlation between geographic range and species genetic diversity may not always be found. Recent bottlenecks and (or) a high number of individuals, in spite of the limited distribution, could account for the high genetic diversity found in many narrowly distributed species (Maki 2003) .
To examine the relationship between species geographic range and genetic diversity, other aspects must be considered including the phylogenetic history of the species. Gitzendanner and Soltis (2000) highlighted the importance of the comparison of genetic diversity and structure between rare and widespread related species. Their meta-analyses showed that rare species had statistically less genetic variation than their widespread congeners. However, there was a large range in values with some rare species having levels of genetic diversity equal to or exceeding those of widespread congeners. Nevertheless, all measures of genetic diversity correlated strongly within genera, indicating the crucial importance of life history in genetic diversity. Cole (2003) , using a larger number of species, also found statistically significant reductions in genetic variation in rare species in comparison with their widespread congener. Gitzendanner and Soltis (2000) suggested that comparisons of genetic diversity between rare species and widespread congeners are more informative for conservation and management because they can provide important information on historical and life-history causes of rarity.
The genus Chamaecrista Moench (Leguminosae, Caesalpinioideae, Cassieae, Cassiinae) has approximately 270 species distributed into six sections. Chamaecrista species may be small trees, shrubs, or annual herbs (Whitty et al. 1994) , with many phenological strategies (Madeira and Fernandes 1999) . Species are widespread around the tropical and subtropical regions, but are also found in temperate regions (Irwin and Barneby 1982) . In Brazil, Chamaecrista is found mainly in the Amazonian, central-western and northeastern regions (Conceição et al. 2001) , being very representative in the Serra do Espinhaço (Irwin and Barneby 1982) .
The Serra do Espinhaço is a quartzite mountain chain located in the Minas Gerais and Bahia states of Brazil. It is 1100 km long, running in the north-south direction (108-208S), 50-100 km wide. This mountain chain is recognized by the high diversity and endemism of higher plants (Giulietti et al. 1997; Giulietti 2007) . Most of its vegetation below 900 m a.s.l. is composed of cerrado (savanna) and gallery forests, whereas above 900 m a.s.l. vegetation is dominated by a particular and extremely species-rich ecosystem called rupestrian fields (rocky fields) (Giulietti et al. 1997; Menezes and Giulietti 2000; Fernandes 2007 ). This vegetation is characterized by herbaceous and sclerophyllous evergreen shrubs or subshrubs (Rapini et al. 2002) and has been argued to support the highest index of endemism and highest diversity of plant species in Brazil (Joly 1970) . Serra do Cipó, in the southern portion the Serra do Espinhaço, is one of the most important and well-studied areas of the Serra do Espinhaço, where rupestrian fields are widespread (Menezes and Giulietti 2000; Fernandes 2007 ). Owing to its high degree of both plant and animal endemism and diversity and landscape and habitat diversity, the Serra do Espinhaço is now recognized by UNESCO as a biosphere reserve. On the other hand, threats to its natural resources have been accumulating at high rates during the last decade because of human disturbances. Consequently, many species of the Serra do Espinhaço are under severe threat of becoming extinct in the near future (Menezes and Giulietti 2000; Viana et al. 2005) . Therefore, population-genetics studies of species from the Serra do Espinhaço are urgently needed, considering that one third of all endangered plant species in Minas Gerais State are from this mountain chain (Costa et al. 1998) .
In this study, we report on the genetic variation of an endemic and rare species of Chamaecrista from the rupestrian fields, and compare it with populations of a congeneric widespread species of the Serra do Espinhaço. Chamaecrista semaphora (Irwin and Barneby) , an endemic shrub, is narrowly distributed in rupestrian fields from Serra do Cipó to Serro in the state of Minas Gerais (Irwin and Barneby 1982; Madeira and Fernandes 1999) . It is listed as an endangered species in the Minas Gerais State Red List of Threatened Species (Mendonça and Lins 2000) . Chamaecrista mucronata (Spreng.) Irwin and Barneby is an herbaceous species widespread throughout the entire Serra do Espinhaço (Madeira and Fernandes 1999) . Chamaecrista semaphora has a flowering peak early in the dry season, whereas the fruiting peak occurs at the end of the dry season along with the production of most of their mature seeds. Chamaecrista mucronata shows a flowering peak from the middle to the end of the dry season, and produces most of its mature seeds from the end of the dry season to the beginning of the rainy season (Madeira and Fernandes 1999) . To the best of our knowledge, there are no studies regarding pollination in C. mucronata. In C. semaphora, pollination is performed by bees (M.F. Goulart, personal communication, 2005) , as in the congeneric Chamaecrista fasciculata Michx. (Fenster 1991) . No information is available about the mating systems in both species, although Fenster (1991) reported that C. fasciculata is highly outcrossing.
The objective of the present study was to test the hypothesis that the endangered and rare species, C. semaphora, exhibits low genetic variation in comparison with populations of its widespread congener C. mucronata. Although we recognize that RAPD markers are dominant, and not very suit-able for the studies as ours, we used RAPDs in this study because there are no other DNA markers available for this species, and preliminary isozyme data showed very low polymorphism in C. semaphora (M.B. Lovato, unpublished data, 2005) . Using knowledge of genetic structure, we have suggested strategies for the conservation of this species.
Materials and methods

Plant material
Two populations of C. mucronata and two populations of C. semaphora were collected from three locations in the Serra do Espinhaço in Minas Gerais State, Brazil (Fig. 1) . Twenty-two individuals were sampled from each population ( Table 1) . Leaf samples were promptly stored on ice and transported to the laboratory where they were stored in an ultra-cold freezer at -70 8C until DNA extraction was performed. The spatial distribution of the individuals of each species in the sample sites varied widely. While C. mucronata individuals are homogenously distributed, C. semaphora plants are commonly clustered in dense patches on the rupestrian fields. Owing to the random selection of individuals in the field, some were collected in the same patches. The first C. mucronata population (mSC) is located in Serra do Cipó in a private property (Reserva Particular Vellozia) while the second sampled population (mRM) is located 96 km apart in Serra do Rola Moça State Park, at the southernmost region of the Serra do Espinhaço. We sampled the only two known populations of C. semaphora in the Serra do Cipó (sSC1 and sSC2), which are approximately 1.2 km apart (Fig. 1) . The sSC1 and mSC populations are completely sympatric, with mSC and sSC1 individuals occurring side by side. Population sSC2 was collected near highway MG-010, out of the protected area.
DNA isolation and RADP reactions
Approximately 200 mg of frozen stored leaves were used for DNA extraction according to the method of Doyle and Doyle (1987) , slightly modified as suggested by Ferreira and Grattapaglia (1995) and Lacerda et al. (2001) . The cetyltrimethylammonium bromide (CTAB) protocol uses the following buffer: 100 mmol/L Tris pH 8.0, 20 mmol/L ethylenediamine tetraacetic acid (EDTA), 1.4 mol/L NaCl, 2% of CTAB, 1% of polyvinylpyrolidone (PVP) and 2% of - mercaptoethanol. The concentration of DNA was visually quantified using 0.8% agarose gel by comparison with standard DNA concentrations. DNA samples were diluted in TE buffer to a final concentration of %5 ng/mL prior to PCR amplifications.
PCR reactions were performed in a final volume of 20 mL containing 10 mmol/L Tris (pH 8.0), 50 mmol/L KCl, 2 mmol/L MgCl 2 , 0.1 mmol/L of each dNTP, 0.25 mmol/L of primer, 1 unit of Taq DNA polymerase (Phoneutria) and approximately 20 ng of genomic DNA. The reactions were performed in a Mastercycler (Eppendorf, Hamburg, Germany) thermocycler. The program consisted of an initial 95 8C step for 1 min, followed by 35 cycles of 10 s at 94 8C, 1 min at 36 8C, 2 min at 72 8C and a final extension of 7 min at 72 8C. Products were electrophored at a constant voltage of 100 V for 2 h in 0.8% agarose gels with 0.5Â TAE buffer and photographed under UV light after staining with ethidium bromide. A 100 bp DNA ladder was added to estimate the molecular size of the fragments. Eighty decamer random primers (Operon Technologies Inc., Alameda, Calif.) from kits A, B, C, and L, were tested to identify sharp and reproducible markers, as suggested by Palacios and Gonzáles-Candelas (1997) and Lacerda et al. (2001) . For these tests, two individuals of each population from each species were randomly chosen. The same primers and reaction conditions were used for both species. With an aim to improving reproducibility of the fragments, the same thermocycler and Taq polymerase were used to decrease sources of variation. In amplifications of the same samples at different runs the same fragment patterns were obtained. Negative controls containing all reaction components except DNA were used to test whether self-amplification or DNA contamination had occurred.
Data analysis
The presence and absence of fragments amplified by RAPDs were visually scored assuming that amplified products of similar molecular size, scored for the same primer, were homologous. Markers were scored as presence (1) or absence (0) and a matrix of RAPD phenotypes was assembled. Only data from intensely stained, unambiguous clear bands were used for statistical analysis.
Shannon's Diversity Index of phenotypic diversity (H'), as suggested by Yeh et al. (1995) and Goulart et al. (2005) , was estimated as H' = -AEp i log 2 p i /n, where p i is the frequency of presence or absence of the fragment and n is the number of markers evaluated. The index was used to quantify the average diversity within populations (H' pop ) and the total diversity (H' sp ), i.e., the diversity of both populations together. As a result, we could calculate the proportion of the genetic diversity within (H' pop /H' sp ) and between popula-
The analysis of molecular variance (AMOVA) (Excoffier et al. 1992 ) was performed to estimate variance components and to partition the variation of each species within and between populations. A pairwise, Euclidean distance matrix was generated using the program AMOVA-PREP (Miller 1998) , used as the input for the program WINANOVA 1.55 (Excoffier et al. 1992 ), used to perform the AMOVA. The Barlett's test (homogeneity test) was performed to test whether populations exhibited different amounts of RAPD variation (Stewart and Excoffier 1996) .
Results
Of the 80 primers screened, 9 showed better resolution of band patterns and were used for the analysis. The nine primers used in this survey generated a total of 75 fragments for C. mucronata, 65 for C. semaphora and 126 for both species, that is, only 14 fragments were common to the two species. The small number of fragments common to both species suggests a large divergence for this pair of congeners. Each of the nine primers originated between 2 and 13 fragments that ranged in size from 350 to 2600 bp ( Table 2) .
The number of polymorphic fragments was approximately 2.5 times higher in C. mucronata (39 fragments, 52%) than in C. semaphora (14 fragments, 21.5%) ( Table 2 ). Even primers OPB-1, OPB-12, and OPC-7 that showed high polymorphism (76.9%-88.9%) in C. mucronata showed low values in C. semaphora (9.1%-28.6%). In C. mucronata, the mSC population exhibited a higher level of variability (50.6%) than the mRM population (36.0%), whereas the sSC1 and sSC2 populations showed similar but low levels of polymorphism (16.9%) (Fig. 2) .
Forty-four unique RAPD banding patterns were observed (Table 3 ) corroborated the data on the indexes of percentage of polymorphic fragments, indicating that C. mucronata populations were remarkably more diverse (H' pop = 0.299) than C. semaphora populations (H' pop = 0.124). Both populations of C. semaphora exhibited similar values of diversity, 0.117 and 0.132, respectively, whereas C. mucronata population from Serra do Cipó exhibited greater diversity (0.379) than that of Rola Moça (0.218). Within-population variance estimates ( 2 ) from the AMOVA analysis also indicated that C. mucronata populations are more diverse than C. semaphora populations (Table 3) . Barlett's test for homogeneity of the RAPD variance indicated significant differences between populations of C. mucronata (B = 1.80071, P < 0.001), but no difference between the two populations of C. semaphora (B = 0.11405, P > 0.05). These data showed that C. mucronata populations have different amounts of genetic variability, whereas C. semaphora populations have not.
The proportion of diversity within and between populations calculated using Shannon's Diversity Index and AMOVA were concordant with each other. Both analyses showed that most of the genetic diversity was found within populations in both species. The partition of the variation using AMOVA showed greater genetic differentiation between C. mucronata populations (È ST = 0.379) than C. semaphora populations (È ST = 0.198) ( Table 4) . Shannon's Diversity Index (Table 3) reinforced the AMOVA results, showing that the between-populations diversity value is higher in C. mucronata (26.2%) than in C. semaphora (15.4%). Another AMOVA analysis was performed to estimate the genetic separation of the two species (Table 4) . The difference between the two species accounted for 88.0% of the total variation, indicating a significant separation of the two species of Chamaecrista.
Discussion
Chamaecrista semaphora exhibited lower values for all within-population diversity genetic measures compared with populations of the widespread congener C. mucronata. These results are corroborated by preliminary isozyme data in these same C. semaphora populations showing that out of 16 screened loci, only two were polymorphic (12.5%) (M.B. Lovato, unpublished data, 2005) . The current high level of diversity of C. mucronata reinforces the hypothesis that widespread species are more genetically variable than narrowly distributed and endemic congeners. Considering that greater adaptive potential is directly correlated with greater genetic diversity (Frankham et al. 2002) , we suggest that C. semaphora, the narrowly distributed and rare species, is likely to be more vulnerable to the negative effects of environmental and climate change given its low genetic diversity. This species may be under severe threat that could lead to its extinction in the near future owing to increased habitat disturbance in the Serra do Espinhaço.
A clear comparison of genetic diversity could be made by comparing the two populations, mSC (C. mucronata) and sSC1 (C. semaphora) that share the same habitat in Serra do Cipó with individuals of the two species occurring side by side and hence, exposed to similar environmental pressures. In this case, we can assume that factors resulting from phylogenetic relatedness and environmental similarities are controlled. The C. semaphora population, sSC1, showed the lowest genetic diversity index values, whereas the mSC population of C. mucronata exhibited the highest genetic diversity index values. Although we do not have demographic values for these populations, apparently their population sizes are similar. Even if they have the same population size, it is likely that other populations of C. mucronata occur nearby, thus promoting a gene flow that would counterbalance the effects of genetic drift and diminishing genetic variation loss in this population. But, for the rare C. semaphora, only the two sampled populations are known in Serra do Cipó.
The study by Gitzendanner and Soltis (2000) comparing rare and widespread congeners, showed that all indexes for population-level diversity of rare species were significantly lower than those for widespread congeners. In a similar study of other species that occur in the Serra do Espinhaço, Franceschinelli et al. (2006) found that Vellozia leptopetala Goeth. et Henr. had lower genetic diversity than Vellozia epidendroides Mart. ex Schult. and Schult., which grows in large and widespread populations. On the other hand, Gomes et al. (2004) reported a high level of genetic diversity in Baccharis concinna Barroso, an endemic and also, rare species in Serra do Cipó. However, no comparison was made within the genus, which indicates the necessity of analyzing a more common congener for comparison. Some Pleurothalis species, which occur in the Brazilian rupestrian fields, were also reported as having a high level of genetic diversity (Borba et al. 2001) . Three endangered endemic species of Encholirium from the Serra do Espinhaço showed approximately twice the values for diversity with RAPD markers at the population and at the species level than C. semaphora (Cavallari et al. 2006) .
In meta-analysis studies (Gitzendanner and Soltis 2000; Cole 2003) , the values for genetic variation partitioning were not significantly different among pairs of congeneric species. Nevertheless, C. semaphora showed lower differentiation between their populations compared with C. mucronata populations, as shown by the AMOVA and Shannon's Diversity Index. This difference between the two species might be due to the proximity between C. semaphora populations (1.2 km) allowing greater gene flow between them by comparison with C. mucronata populations that are more distant (96 km). Both populations of C. semaphora exhibited high synchrony of flowering, at least during the two years of observation, facilitating the gene flow through pollen, performed by bees (M.F. Goulart, personal communication, 2005) . According to Nybom and Bartish (2000) , estimates of between-population diversity with RAPD markers appear to be very sensitive to geographic distances between sampled populations. Another explanation for the difference of genetic variation partition between the two species could be the difference in mating systems between them, since inbreeding species have highly divergent populations, while outcrossing species tend to have more similar populations (Hamrick and Godt 1989; Nybom and Bartish 2000) . However, there is no information about the mating systems of C. semaphora and C. mucronata, as well as no other evidence that they could exhibit different mating systems. Furthermore, between-population diversity of C. semaphora is close to the mean value for endemic species (È ST = 0.20) and that of C. mucronata is similar to the value of regional and widespread species (È ST = 0.42) found by Nybom and Bartish (2000) , although these authors did not use the comparison between congeneric species. Future field studies on pollination biology and mating system of these species and genetic analysis of another population of C. mucronata near to mSC would help to solve this question.
Although the differentiation between C. semaphora populations is lower (È ST = 0.20) than between C. mucronata populations (È ST = 0.38), it is considerable, taking into account the small geographic distance between them. This result indicates that gene flow between C. semaphora populations by seeds or by pollen is low, despite their proximity. In both Chamaecrista species, seed dispersion (explosive type) is very low, with seeds falling very close to the mother-plant. In C. semaphora, a short-distance flight of the putative pollinator was also observed (M.F. Goulart, personal communication, 2005) . A significant difference in the genetic differentiation between very close populations (2 km) was also found in Proteopsis argentea Mart. and Zucc. ex DC. (Asteraceae), a species endemic to rupestrian fields of the Serra do Espinhaço, and was attributed to localized pollinator behavior and seed short-distance dispersal mechanisms (Jesus et al. 2001) . Another hypothesis raised by Jesus et al. (2001) is that the endemism and the great diversity of plant species of rupestrian fields may be reinforced by separation of each area by different kinds of vegetation, producing a natural habitat fragmentation. These examples reinforce the idea that to establish the genetic status of a threatened species, it is also important to compare it with a closely related but widespread species. Chamaecrista semaphora showed less than half of the genetic diversity of C. mucronata, as shown by both Shannon's Diversity Index and the molecular variance value (AMOVA). Furthermore, in C. semaphora, three individuals that grew in close proximity exhibited the same pattern of RAPD fragments, testifying to the low genetic diversity found in this species. The small population size, shortdistance dispersal of its seeds, natural fire, and human disturbance effects could all have contributed to the genetic erosion of the endemic C. semaphora. Although C. mucronata also exhibits these characteristics and grows in similar environments exposed to the same disturbances, it is distributed in a much wider area, having several pop- ulations that through gene flow, even if low, could counterbalance the loss of intrapopulation genetic diversity by genetic drift. Moreover, the existence of several populations of C. mucronata may result in the constitution of a metapopulation structure, where populations that are extinct can be re-founded by migration of propagules from neighbouring populations. This possibility does not exist for the rare C. semaphora.
Implications for conservation
The preservation of natural populations is the priority for plant conservation (Mateu-Andrés 2004) . Given that the rupestrian fields have been seriously threatened by human disturbances and that natural factors, such as habitat reduction is endangering C. semaphora, habitat protection is urgently needed for the conservation of this species and its associated fauna (see Madeira and Fernandes 1999) , as well as being needed for future landscape and restoration ecology. To maintain gene flow and diversity, it is important to protect the nearby C. semaphora pollinator populations that would be saved with an in situ conservation program. Therefore, habitat protection will support the only known C. semaphora populations and ensure its coexistence with other organisms on which it depends for its survival.
Taking into account the knowledge of the level and the distribution of genetic diversity in C. semaphora, some conservation strategies could be suggested. Considering the level of divergence between the populations and the fact that only two populations of this species are known, both populations need to be protected to maximize the coverage of the genetic diversity in this species and prevent further substantial loss. Reinforcement with seedlings from the same populations could be recommended to increase population size. The management should ensure that the establishment of seedlings is maximized in the field (Mateu-Andrés 2004) . Another essential strategy, taking into consideration that most of the genetic variability of C. semaphora is within populations, is to avoid habitat fragmentation between the two populations that may interrupt gene flow.
In addition, ex situ strategies such as germplasm banks, could be an important practice. Chamaecrista semaphora produces seeds with the ability to remain dormant because of their hard coat, a characteristic that extends their viability (Gomes et al. 2001) . Because of the abundant seed production of this endangered species, seed harvest may not impact the demographic dynamic of its populations. The knowledge of genetic structure must be used to capture as much of the genetic variability that is present in this species as possible. Therefore, germplasm resources should be established with seeds from both populations. Given the increasing threats to the whole extension of the rupestrian fields of the Serra do Espinhaço and the high endemism levels and species diversity of this ecosystem, conservation efforts must be planned and executed as soon as possible. The existence of relatively small protected areas (two national parks, Parque Nacional da Chapada Diamantina and Parque Nacional da Serra do Cipó; several small private, municipal and state conservation areas, and a few planned government parks) poses a problem to the conservation efforts in the recently created biosphere reserve of the Espinhaço. Unfortunately, the situation for C. semaphora is even worse, as the only two known populations are not in a protected area. One of them is on private property and another is in a disturbed area near the MG 010 highway that is under construction, and no protection was planned for the unique flora along its construction pathway. Therefore, the future and survival of this narrowly distributed and unique species may be jeopardized if a solid conservation strategy is not urgently placed in practice.
